Introduction
============

Perovskite solar cells (PSCs) have experienced an impressive efficiency enhancement in the last few years, with current efficiencies reaching up to 22.1%,^[@cit1]^ competing in terms of efficiency with well-established technologies such as multicrystalline silicon and thin film solar cells. However, significant challenges still need to be overcome for this new photovoltaic technology to settle permanently, such as an increase in long term stability or the optimization of the energy conversion efficiency. These goals must be addressed through the understanding of the working principles of these devices, whose mechanisms have not been fully described yet. In this regard, a significant example is the effect of a mesostructured scaffold on the performance of an operating device. At the early stages of this technology, a TiO~2~ mesoporous scaffold was commonly employed in the sensitized solar cell configuration of PSCs, where photogenerated electrons in the perovskite are injected into TiO~2~ due to the appropriate band alignment and transported through it.^[@cit2],[@cit3]^ In this type of cell, TiO~2~ acts as an electron transporting material, while a liquid with a dissolved redox couple behaves as the hole transporter. The biggest jump in perovskite solar cell performance and stability was attained when the liquid electrolyte was substituted by a solid hole conductor.^[@cit4],[@cit5]^ However, in the new all-solid state configuration, the role of the mesostructured scaffold had to be re-evaluated to account for the striking experimental observations that were being reported: seminal works demonstrated very high performance from devices that made use of mesoporous alumina,^[@cit5]^ into which electrons from perovskite cannot be injected, instead of titania scaffolds. Also challenging the conception of the role that the porous scaffold has in sensitized devices, it was shown that solar cells with a perovskite capping layer on top of the mesostructured scaffold,^[@cit6],[@cit7]^ or even without any scaffold,^[@cit8]^ could be highly efficient devices. Other indicators revealed that the part the scaffold played in the perovskite solar cell was fundamentally different, such as the absence of charge accumulation in TiO~2~ mesoporous scaffolds, characteristic of all sensitized solar cells.^[@cit9]^ Nowadays, the configuration that gives the highest efficiencies consists of a thin scaffold of mesostructured TiO~2~, which is infiltrated by perovskite and combined with a thick perovskite capping layer.^[@cit10],[@cit13],[@cit37],[@cit38]^ The presence of the TiO~2~ scaffold diminishes the hysteresis frequently observed in the photocurrent--voltage (*J*--*V*) curve in comparison with planar devices, which is in turn highly dependent, among other parameters, on its thickness.^[@cit10],[@cit11]^

Another important aspect affecting the cell performance is the influence of injection processes at the selective contacts. A thin TiO~2~ compact layer is probably the most common electron selective contact employed in PSCs.^[@cit4],[@cit5]^ However, it has been shown that the electron injection process between perovskite and TiO~2~ is not optimum, being significantly improved by depositing fullerene derivatives on top of TiO~2~.^[@cit12],[@cit13]^ Very interesting results have also been reported when different metal oxides are used instead of TiO~2~ as electron selective contacts.^[@cit14]^ Devices incorporating electron selective contacts based on SnO~2~, prepared by atomic layer deposition, exhibit significantly higher efficiency than samples fabricated with TiO~2~, while Nb~2~O~5~ layers gave rise to negligible efficiencies.^[@cit15]^ The specific characteristics of the injection processes dramatically affect the final cell performance, as illustrated by the observation of an inductive loop at intermediate frequencies by impedance spectroscopy (IS).^[@cit15]^ A multistep electron injection process could be the origin of this behavior, where electrons are not directly injected from perovskite into TiO~2~, but through an intermediate state/s.

In this work, we take advantage of the recent development of periodic multilayered structures (PMSs) as scaffolds to achieve colored solar cells in order to magnify the effect of both the scaffold and the electron selective layer, to understand their influence on the cell performance.^[@cit16]--[@cit18]^ In order to do so, different series of mesoporous SiO~2~ scaffolds and TiO~2~ compact layers were periodically stacked by a liquid processing method, which is fully compatible with the cell preparation process and allows the thickness to be precisely controlled. Despite the low porosity of the TiO~2~ compact layers, ∼5%, perovskite precursors can get through and fill the voids of the SiO~2~ layers (porosity around 40%), as has been demonstrated before.^[@cit18]^ The use of a PMS allows, on one hand, the insertion of TiO~2~ layers that are not directly connected with the electron extracting contact but are connected through the perovskite within the PMS pore network. Thus electrons that travel to the extracting contact crossing the low porosity TiO~2~ layers can follow two parallel pathways: (i) percolation through the perovskite and (ii) injection into the TiO~2~ scaffold followed by reinjection into the perovskite layer, as no holes are present in TiO~2~ and consequently the electrons cannot recombine in this material. The use of very low porosity TiO~2~ layers increases the weight of the second pathway, emphasizing the effect of electron injection at the TiO~2~ layer, especially when the number of TiO~2~ layers that the electrons need to cross increases, as we discuss in this work. On the other hand, the intercalation of insulating SiO~2~ scaffolds separating the TiO~2~ layers assures that injection only takes place from the perovskite into the alternating TiO~2~ compact layers.^[@cit18],[@cit19]^ The low porosity of the TiO~2~ films forces some of the electrons to carry out several injection processes between perovskite and TiO~2~ and *vice versa* in order to finally reach the FTO extracting contact. Our results demonstrate that the influence of alternating electron transport layers and insulating scaffolds is strongly dependent on their thicknesses as well as on the number of interfaces. Our conclusions are supported by the results attained from structural (high resolution transmission electron microscopy, HRTEM), optical (absorption spectrophotometry) and electrical (current--voltage, *J*--*V*, curves; impedance spectroscopy, IS; open circuit voltage decay, OCVD) characterization techniques.

Experimental section
====================

Synthesis of materials
----------------------

A dispersion of TiO~2~ was prepared by adding a solution containing 0.034 ml of 2 M hydrochloric acid in 1.690 ml to a solution in which 0.254 ml of titanium tetraisopropoxide (TTIP, Sigma Aldrich, 377996) was diluted in 1.690 ml of ethanol. The solution was then stirred for 10 minutes, avoiding humidity exposure, before the final solution was filtered. A silica (SiO~2~) nanoparticle suspension was obtained by diluting Ludox (Sigma-Aldrich, 420859) in methanol to a final concentration between 2% and 3%. The polystyrene (PS) solution was made by dissolving solid polystyrene (Aldrich, 182427) in toluene to a concentration of 0.5 wt%. In order to prepare the perovskite solution, methylammonium iodide (Dyesol) was dissolved at a 3 : 1 molar ratio with PbCl~2~ (Sigma-Aldrich, 268690) in *N*,*N*-dimethylformamide (DMF) to a final concentration of 40 wt%.

Multilayered scaffold based device fabrication procedure
--------------------------------------------------------

A 3 mm glass slide coated with a 600 nm thick fluorine-doped tin oxide (FTO) film was employed as the substrate (TEC 7, 7 Ω sq^--1^) for the device fabrication. A 2 M HCl solution and zinc powder were employed to etch the FTO from regions under the anode contact. Next, the substrate was cleaned sequentially with 2% Hellmanex, acetone, 2-propanol and oxygen plasma. In order to make the photonic structure, the TiO~2~ solution was spin coated at 2500 (3000) rpm and then calcined at 500 °C for 5 minutes. The SiO~2~ nanoparticle suspension was then deposited at 5000 (8000) rpm on top of the TiO~2~ dense film by spin coating. The pores of the SiO~2~ layer were filled with PS with the aim of allowing the deposition of the next TiO~2~ layer precursor solution, without percolation within the voids. After that, the structure was stabilized using a 500 °C heat treatment of the sample for a further 5 minutes. This process leads to a 3 layer scaffold (sample PMS1, see [Fig. 1](#fig1){ref-type="fig"}), which can be promoted to a 5 or 7 layer one by repeating the described sequence. Please notice that the thickness of the resulting deposited layer increases with the concentration of the SiO~2~ suspension. Independently of the number of layers, all of the structures were treated with the same annealing cycles in order to avoid any substrate pre-treatment influence on the device performance, especially in the OCVD measurements. Once the final multilayer structure had been treated at 500 °C for 30 min, the perovskite precursor solution was deposited by spin-coating at 2000 rpm in a glovebox with a nitrogen atmosphere. A final annealing at 100 °C for 2 hours was performed to form the crystalline perovskite active layer. Afterwards, the hole-transporting material spiro-OMeTAD in a 80 mM chlorobenzene solution doped with lithium bis(trifluoromethanesulfonyl)imide and 4-*tert*-butylpyridine was deposited on top of the stabilized perovskite layer. Finally, the back contact of the device was made by evaporating gold under a vacuum of 10^--6^ Torr at a rate of 0.1 nm s^--1^.

![Scheme of the different perovskite solar cell architectures under analysis: (a) planar, (b) mesostructured, and (c) multilayer structure based configurations. See [Table 1](#tab1){ref-type="table"} for thickness information. (d) SEM picture of the reference device S. (e) SEM picture of the PMS-based device PMS3a. Scale bars represent 200 nm.](c6tc04639h-f1){#fig1}

Structural, optical and photovoltaic characterization
-----------------------------------------------------

A combined focused ion beam-scanning electron microscope (FIB-SEM, Zeiss Auriga) was employed to estimate the thicknesses of the different layers composing the devices. Cross sections of the whole solar cells were obtained from a lamella prepared also with FIB in order to have a clean cut and thus prevent degradation of the materials and the collapse of the layers. Then, a secondary electron detector was used to take the images with the SEM operating at 5 kV.

Characteristic perovskite crystal planes were observed with a transmission electron microscope (TEM, FEI Talos) equipped with a high angle annular dark field (HAADF) detector. Then, energy-dispersive X-ray spectroscopy (EDS) analysis was performed by scanning a 0.64 μm^2^ area of the cross-section of the device. The spot diameter for the elemental analysis was set to 3 nm.

Reflectance, transmittance and absorptance spectra were measured from 400 nm to 800 nm with a setup consisting of a light source (Ocean Optics HL-2000) as the incident beam and an integrating sphere (Labsphere RTC-060-SF) to collect photons coming from the solar cell device. This particular design of the setup allowed us to measure the fraction of diffuse light.

Current density--voltage (*J*--*V*) curves were obtained (2400 Series SourceMeter, Keithley Instruments) under simulated AM 1.5 irradiance at 100 mW cm^--2^ (Abet Class AAB sun 2000 simulator). An NREL calibrated KG5 filtered Si cell was used as a reference to calibrate the intensity, giving a mismatch factor of less than 1%. The active area of the devices was determined using a 0.092 cm^2^ mask.

Impedance and OCVD
------------------

Impedance spectroscopy measurements were carried out using a FRA equipped PGSTAT-30 from Autolab, under 100 mW cm^--2^ illumination conditions using a 150 W Xe lamp. A 20 mV AC perturbation was applied over the constant forward applied bias, between 0 V and 1 V, with the frequency ranging between 1 MHz and 0.05 Hz. OCVD measurements were recorded with the same Autolab system after switching off the illumination by employing a shutter. The voltage decay was recorded for 5 min. The devices were carefully treated under identical illumination conditions.

Results and discussion
======================

PSCs were prepared by depositing CH~3~NH~3~PbI~3~ perovskite precursors on porous substrates with different multilayered configurations, as shown in [Fig. 1a](#fig1){ref-type="fig"}. The configuration of the substrate, considered as a piece of transparent conducting glass onto which a series of compact electron selective layers and porous scaffolds are deposited, was systematically varied from sample to sample. On the other hand, the perovskite capping layer, the spiro-OMeTAD hole selective contact, and the Au hole extracting contact remained constant. Details of the thickness of all the different layers that form the devices under study are displayed in [Table 1](#tab1){ref-type="table"}. Further details on sample preparation may be found in the Methods section. Two different sets of samples were prepared in order to confirm the trends observed, see ESI[†](#fn1){ref-type="fn"} for more data. Two kinds of reference samples with standard PSC architectures were prepared, namely, P samples, which are planar devices prepared using no scaffold and just a TiO~2~ compact layer as a selective electron contact deposited onto a FTO substrate ([Fig. 1a](#fig1){ref-type="fig"}), and S samples, which are PSCs made by depositing a SiO~2~ mesoporous scaffold on top of the TiO~2~ compact layer ([Fig. 1b](#fig1){ref-type="fig"}). In addition, PMSs were prepared by alternating SiO~2~/TiO~2~ bilayers ([Fig. 1d](#fig1){ref-type="fig"}). More specifically, PMS1, PMS2 and PMS3 were attained by successively stacking 1, 2 and 3 SiO~2~/TiO~2~ bilayers on top of the TiO~2~ layer used in the P configuration. By doing so, we intended to magnify the effect that the injection process may have on the performance of the device. For the case of the PMS-based devices presenting 3 SiO~2~/TiO~2~ bilayers, the thickness of the SiO~2~ scaffold was also varied (PMS3a, PMS3b and PMS3c, see [Fig. 1d](#fig1){ref-type="fig"}). This was done to extract information on the influence of the insulating mesoporous scaffold on the charge transport along the cell. All of the TiO~2~ layers were deposited following exactly the same procedure, so they present a similar thickness and low porosity in all cases.^[@cit16],[@cit18]^ After perovskite infiltration, all of the devices presented a comparable light harvesting efficiency, *i.e.*, absorptance, as was confirmed by optical analysis (please see the ESI,[†](#fn1){ref-type="fn"} Sections S1 and S2, and Fig. S1, as well as [Table 1](#tab1){ref-type="table"}). Although the discussion of our results will mainly be based on the set of devices described in [Table 1](#tab1){ref-type="table"}, we prepared another set with a different thickness of the TiO~2~ compact layers in the PMS in order to check the reproducibility of the analysis. For the sake of space, the structural features and the results of the characterization of those devices, corresponding to the second set of samples, are fully described in the ESI[†](#fn1){ref-type="fn"} (Tables S1, S2, Fig. S3a, S7, S8 and S10). Suffice it to say here that similar conclusions can be extracted from the analysis of both sets of devices.

###### Number of different layers and their thicknesses employed to fabricate the designed devices represented in [Fig. 1](#fig1){ref-type="fig"}. We also summarize the normalized integrated absorptance, *i.e.* absorptance from 400 nm to 780 nm, of the different cells under investigation. Absorptances are normalized to the spectra corresponding to reference device P. See S1 for more details on the optical behavior of the devices (ESI)

                                      P          S          PMS1       PMS2       PMS3c      PMS3b      PMS3a
  ----------------------------------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
  FTO thickness (nm)                  600 ± 60   600 ± 60   600 ± 60   600 ± 60   600 ± 60   600 ± 60   600 ± 60
  No. TiO~2~ layers                   1          1          2          3          4          4          4
  Total TiO~2~ thickness (nm)         27 ± 3     27 ± 3     54 ± 6     81 ± 9     108 ± 12   108 ± 12   108 ± 12
  No. SiO~2~ layers                   0          1          1          2          3          3          3
  Total SiO~2~ thickness (nm)         0          275 ± 35   80 ± 5     160 ± 10   240 ± 15   210 ± 15   180 ± 15
  Perovskite capping thickness (nm)   245 ± 50   245 ± 50   245 ± 50   245 ± 50   245 ± 50   245 ± 50   245 ± 50
  Spiro-OMeTAD thickness (nm)         485 ± 35   485 ± 35   485 ± 35   485 ± 35   485 ± 35   485 ± 35   485 ± 35
  Au thickness (nm)                   50         50         50         50         50         50         50
  Normalized absorptance              1          0.83       0.95       0.96       0.99       0.94       0.95

In order to determine how perovskite is distributed along the cross-section of the PMS-based devices, high resolution transmission electron microscopy (HRTEM) of the cells was performed. [Fig. 2](#fig2){ref-type="fig"} shows a HRTEM picture of the cross-section of sample PMS3c, as well as the energy-dispersive X-ray spectroscopy (EDS) elementary analysis of Sn, Ti, Si, Pb and I evaluated from the same area. From these data it can be clearly recognized that, once the rough surface of the FTO substrate is leveled by the first layer of porous SiO~2~, flat and homogeneous TiO~2~ and SiO~2~ layers are produced. The perovskite precursors percolate the multilayered structure and crystallize appropriately within the SiO~2~ layers. Interestingly, the perovskite levels within the TiO~2~ layers are below the detection limit, although it must be present as its precursors embed the whole PMS. This observation suggests that, in PMS based devices, electrons may find an easier pathway to reach the electron collecting contact through the TiO~2~, rather than percolating through the low amount of infiltrated perovskite, increasing the ratio between the electrons injected into TiO~2~ and the electrons that had been transported just through the perovskite. This means that some of the electrons should experience more than one perovskite--TiO~2~, and *vice versa*, injection process in order to get to the FTO. This hypothesis is supported by recent experimental analysis that indicates that the energy levels of hybrid perovskite compounds and TiO~2~ are close.^[@cit14]^ Indeed, the effect of electron injection processes is extraordinarily amplified in PMS based samples, as we show below, allowing us to study in depth its effect on the cell performance. At the same time the low amount of perovskite infiltrated into TiO~2~ allows the transport of holes to the collecting contact, although simultaneous transport through the TiO~2~ layers cannot be fully disregarded, as it has recently been demonstrated for electronically defective slabs.^[@cit20]^ Please see Fig. S2 in the ESI[†](#fn1){ref-type="fn"} for a more detailed TEM analysis of the perovskite crystallization around the different interfaces.

![(a) Transmission electron microscopy image of the cross-section of the PMS3c multilayer structure based device. Energy-dispersive X-ray spectroscopy mappings corresponding to (b) Sn, (c) Ti and (d) Si, allowing identification of the FTO substrate, the TiO~2~ layers and the SiO~2~ layers, respectively. Mapping of (e) Pb and (f) I, allowing identification of the regions where the level of perovskite is above the detection limit (capping layer and SiO~2~ scaffold layers). The scale bar represents 300 nm and it has only been included in panel (b) for the sake of clarity.](c6tc04639h-f2){#fig2}

In order to test the validity of this hypothesis, we performed an analysis of the different photovoltaic parameters of the devices. From the analysis of the *J*--*V* curves, it could be readily inferred that the multilayered electrode configuration had a strong effect on the solar cell performance. [Fig. 3](#fig3){ref-type="fig"} plots the *J*--*V* characteristics measured for the devices whose structural parameters are listed in [Table 1](#tab1){ref-type="table"} (see Fig. S3a for the *J*--*V* curves of the samples summarized in Table S1, ESI[†](#fn1){ref-type="fn"}). All of the analyzed samples present *J*--*V* curve hysteresis (see Fig. S3b, ESI[†](#fn1){ref-type="fn"}), mainly affecting the open circuit voltage (*V* ~oc~) and fill factor (FF), as listed in detail in Table S3 (ESI[†](#fn1){ref-type="fn"}). The reverse scan of the S sample presents a photocurrent peak suggesting that, when operating under forward voltages, charge is accumulated in the device in such a way that, when the potential is reversed, it is delivered back.^[@cit21],[@cit22]^ The most significant difference among all of the samples herein considered lies in the value of the short circuit photocurrent attained. The planar reference sample P is the one with the highest photocurrent, while the porous scaffold based sample S is the one with the lowest one. Interestingly the photocurrent gradually decreases for the samples with a PMS as the number of TiO~2~ layers and/or the thickness of the SiO~2~ scaffold increases. Among these two factors, the number of TiO~2~ layers is the factor that has a more significant effect. Please notice that although reduction of the photocurrent could be partially attributed to the small decrease in absorptance observed, see [Table 1](#tab1){ref-type="table"}, this is by no means enough to explain its magnitude.

![*J*--*V* curves under 1 Sun illumination obtained for the reverse scans (from *V* ~oc~ to 0 V).](c6tc04639h-f3){#fig3}

For a further verification of this hypothesis, open circuit voltage decay (OCVD) measurements were performed. This technique has been extensively utilized for the characterization of both dye sensitized^[@cit23]^ and perovskite solar cells.^[@cit24]^ [Fig. 4](#fig4){ref-type="fig"} plots the instantaneous relaxation time, *τ* ~ir~, obtained from the data of the OCVD experiments, Fig. S4 (ESI[†](#fn1){ref-type="fn"}). A representation of the *τ* ~ir~ values against voltage in a log--log scale allows identification of the nature of the relaxation phenomena: constant *τ* ~ir~ values are obtained for exponential decay processes, while a straight line behavior is observed for processes following a power law.^[@cit24]^ [Fig. 4a](#fig4){ref-type="fig"} shows that the analyzed samples do not present these simplified relaxation behaviors. The devices display different relaxation domains with stretched exponential relaxation at the highest voltages in most of the cases, as has been already observed for other types of PSCs.^[@cit24]^ Interestingly, it can be easily appreciated that there are significant differences among the samples ([Fig. 4b](#fig4){ref-type="fig"}). It can be observed that *τ* ~ir~ shifts to larger values as the number of TiO~2~ layers in the samples increases (please see dashed lines in [Fig. 4b](#fig4){ref-type="fig"}). However, varying the total thickness of the SiO~2~ scaffold for the samples built with four TiO~2~ layers, does not affect significantly *τ* ~ir~. It is well known that the use of a compact TiO~2~ layer on top of FTO increases significantly the lifetime of the photocarriers in dye sensitized solar cells with OCVD, as this type of layer hinders the back-reaction from the substrate.^[@cit25]^ In the same way, it can be concluded from the results shown in [Fig. 4](#fig4){ref-type="fig"} that the increase of *τ* ~ir~ is due to the injection of electrons into TiO~2~, hindering the recombination with holes in the perovskite and slowing down the *V* ~oc~ decay. This observation hence indicates that the increase of the number of TiO~2~ layers in a device results in a gradual rise of the number of electron injection processes, as intended, thus magnifying their effect and opening the path to their systematic analysis.

![(a) Instantaneous relaxation time^[@cit24]^ obtained from the data of OCVD experiments with a 5 minute decay time. (b) Zoomed-in view of the high voltage region in (a); the black dashed and dotted lines are guides for the eye. The dashed lines overlap, at high voltage, the curves for the samples with different numbers of TiO~2~ layers. The black dotted line connects the samples with 4 TiO~2~ layers, but different total thicknesses of SiO~2~.](c6tc04639h-f4){#fig4}

For further analysis, impedance spectroscopy (IS) under illumination was carried out for a series of different forward applied biases. [Fig. 5](#fig5){ref-type="fig"} shows an example of the impedance patterns of the different samples attained using a DC applied voltage of 0.7 V. The patterns at short circuit can be found in Fig. S5 (ESI[†](#fn1){ref-type="fn"}). Similar patterns have been obtained from the second set of samples. Huge differences are observed in the IS pattern depending on the configuration of the electron selecting contact with the introduction of scaffold and/or multilayer structures. It should be remarked that all of the samples present a similar perovskite capping layer, as confirmed by the structural characterization analysis, which results in all of them presenting almost identical light harvesting efficiencies (please see [Table 1](#tab1){ref-type="table"}). Hence, the scaffold mainly affects the electrical behavior of the cell. It modifies the electron selective contact properties, as has been previously hypothesized,^[@cit26]^ and thus plays a determinant role in the cell performance and in the impedance spectra.^[@cit15]^

![Nyquist plots of impedance spectra obtained under illumination and with an applied bias of 0.7 V. (a) Reference samples P and S. (b) Zoomed-in view of (a). (c) Zoomed-in view of the intermediate frequency loop of (a). (d) Samples with different numbers of TiO~2~ layers: PMS1, PMS2 and PMS3c. (e) and (f) Zoomed-in view of (d). (g) Samples with the same number of TiO~2~ layer, PMS3a, PMS3b and PMS3c, but different thicknesses of the SiO~2~ layers. (h) and (i) Zoomed-in view of (g). Equivalent circuits used to fit the impedance spectra when (j) no loop feature is observed, or (k) a loop is observed.^[@cit15]^ The circles in (a)--(i) represent the experimental points, while the solid lines are the fitting curves using the equivalent circuits displayed in (j) and (k), but with non-ideal elements. See S6 for further information (ESI[†](#fn1){ref-type="fn"}).](c6tc04639h-f5){#fig5}

The impedance spectra present rich patterns, with several arcs and loops being displayed with positive imaginary impedance. The spectra were fitted using a recently reported equivalent circuit approximation analysis, see [Fig. 5j and k](#fig5){ref-type="fig"}.^[@cit15]^ Briefly three arcs at different frequency domains can be observed for reference S, see [Fig. 5a](#fig5){ref-type="fig"}, and can be fitted with the equivalent circuit from [Fig. 5j](#fig5){ref-type="fig"}. The series resistance, *R* ~series~, is produced by the effect of the FTO substrate and wiring, and can be extracted from the analysis of the high frequency region of the spectra (lower *Z*′ values). The diameter of the arcs determines the resistive elements: the successive arcs from high frequency to low frequency (low *Z*′ to high *Z*′) correspond to *R* ~3~, *R* ~2~ and *R* ~1~, respectively. The frequency of the arc maximum and the resistance of each arc determine the capacitance values^[@cit27]^ of *C* ~bulk~, *C* ~1~ and *C* ~2~. *C* ~bulk~ is the geometric capacitance of the layer due to diverse dipolar mechanisms.^[@cit15],[@cit28]^ Below we discuss the physical meaning of the other parameters.

Except for the case of reference sample P, the impedance spectra present very significant loops, as can be readily seen in [Fig. 5c--e, g and h](#fig5){ref-type="fig"}. The observation of such kinds of loops has already been reported for both highly efficient (∼17%) PSCs based on SnO~2~ and TiO~2~ electron selecting contacts^[@cit15]^ and in devices in which the perovskite layer is sandwiched between FTO and Au contacts,^[@cit29]^ although the magnitude we herein report is extraordinarily larger than those previously observed. This fact points to a general behavior of PSCs that sometimes could be concealed by other features. Indeed, some voltage must be applied when dealing with TiO~2~ electron selecting contacts in order to reduce the resistance that disguises the loop effect (please compare the impedance spectra of sample P at 0 V and 0.7 V, displayed in Fig. S5c (ESI[†](#fn1){ref-type="fn"}) and [Fig. 5c](#fig5){ref-type="fig"} respectively, for an illustrative example of this effect). This feature can be conveniently fitted by adding an inductive element, *L*, to the equivalent circuit, see [Fig. 5k](#fig5){ref-type="fig"}.^[@cit15]^ Consequently, the choice of the type of equivalent circuit used to fit the impedance spectrum of a specific sample depends on the presence or not of loops in such patterns. Inductance *versus* applied voltage curves attained from the fitting of the impedance spectra of the different samples under illumination are plotted in [Fig. 6](#fig6){ref-type="fig"}. [Fig. 6a](#fig6){ref-type="fig"} shows a clear increase in *L* with the number of TiO~2~ layers. In contrast, the effect of the total thickness of mesoporous SiO~2~ is minor when the number of TiO~2~ layers is kept constant, see [Fig. 6b](#fig6){ref-type="fig"}. These results show a clear correlation between *L* and the electron injection processes, augmented with the number of TiO~2~ layers, and are in good qualitative agreement with inductive effects observed previously in impedance patterns of organic LEDs, which have been precisely attributed to a multistep injection process.^[@cit30]^ In the case of organic LEDs, it has been shown that for certain cinematic conditions, it should be possible to depopulate the interfacial state when the applied voltage increases causing the negative capacitance,^[@cit30]^ *i.e.* the inductive behavior. Further research is required in order to clearly establish to what extent it is related to the oxide contacts or perovskite interfacial states, and to fully clarify the physical origin of this behavior. Similar trends and maximum values of *L* at 0.6 V were observed for the samples in the second batch (Fig. S7, ESI[†](#fn1){ref-type="fn"}).

![Inductance values obtained from the fit of the impedance spectra under illumination for the first set of samples, using the equivalent circuits plotted in [Fig. 4](#fig4){ref-type="fig"}. (a) Comparison of samples with different numbers of TiO~2~ layers; (b) comparison of samples with four TiO~2~ layers, but different total thicknesses of SiO~2~ scaffold.](c6tc04639h-f6){#fig6}

The rest of the resistive and capacitive parameters were also obtained by fitting the impedance patterns to the equivalent circuits plotted in either [Fig. 5j or k](#fig5){ref-type="fig"}. The resistance values are depicted in [Fig. 7](#fig7){ref-type="fig"}. The increase of *R* ~3~ with the compact TiO~2~ layer thickness indicates that *R* ~3~ is influenced by the transport resistance of electrons along the selective contact.^[@cit15]^ In good agreement with this result, we observe a clear increase in *R* ~3~ with the number of TiO~2~ layers, see [Fig. 7a](#fig7){ref-type="fig"}. Furthermore, when the thickness of the conductive TiO~2~ scaffold is kept constant, we observe that *R* ~3~ is also modulated by the thickness of the insulating SiO~2~ scaffold infiltrated with perovskite (see [Fig. 7d](#fig7){ref-type="fig"}). This effect has not been reported yet, and it is clearly observed for the PMS3a, PMS3b and PMS3c samples containing four TiO~2~ layers, but also for reference samples P and S with just a single one. In this regard, it is well known that the charge diffusion lengths in perovskite infiltrated within a mesoporous scaffold are significantly lower than the ones observed for flat perovskite films.^[@cit26]^ Consequently, we associate the *R* ~3~ increase with the SiO~2~ scaffold thickness to a detrimental contribution of the charge transport along the perovskite infiltrated in the mesoporous layer. Compared to the case of planar perovskite layers, the higher transport resistance that we report is likely caused by the smaller perovskite grain size, due to the limited pore size of the mesoporous SiO~2~ layer. An analysis similar to the one herein presented was realized for the second set of samples, see Fig. S8 (ESI[†](#fn1){ref-type="fn"}), leading to similar conclusions.

![Resistance values obtained from the fitting of impedance spectra using the equivalent circuits plotted in [Fig. 5j and k](#fig5){ref-type="fig"}. (a) *R* ~3~, (b) *R* ~2~ and (c) *R* ~1~ for the reference samples and PMS samples with different numbers of TiO~2~ layers. (d) *R* ~3~, (e) *R* ~2~ and (f) *R* ~1~ for reference samples and PMS samples with the same number of TiO~2~ layers, but different thicknesses of the SiO~2~ layers.](c6tc04639h-f7){#fig7}

The low frequency resistance, *R* ~1~, is typically considered to be an estimation of the recombination resistance,^[@cit29],[@cit31]--[@cit34]^ and the configuration of the electron selecting contact is known to dramatically affect the interfacial recombination resistance.^[@cit29]^ Thus, we expect a strong dependence of *R* ~1~ on the PMS parameters herein studied. [Fig. 7c and f](#fig7){ref-type="fig"} actually show an increase of *R* ~1~ (reduction of recombination rate) as the number of TiO~2~ layers increases, but also as the total thickness of SiO~2~ increases, as can be clearly inferred from the comparison between the reference samples. This interpretation of the effect of *R* ~1~ is in good agreement with the very close *V* ~oc~ observed for all the samples ([Fig. 2](#fig2){ref-type="fig"} and Fig. S1a, ESI[†](#fn1){ref-type="fn"}), despite the different photocurrents.

Regarding *R* ~2~, although there is significantly less discussion in the literature, it has been also related with recombination resistance,^[@cit35]^ as well as with interfacial processes, as its presence and magnitude depend strongly on the electron selective material used in the PSC preparation.^[@cit15],[@cit29]^ Notice that these two interpretations do not have to be mutually exclusive. From [Fig. 7b and e](#fig7){ref-type="fig"} it can be concluded that *R* ~2~ presents a stronger dependence on the number of TiO~2~ layers, that is the number of perovskite--TiO~2~ interfaces, than on the total amount of SiO~2~, but it is influenced by both. Very recently, a correlation between high *R* ~2~ values and low photocurrents has been highlighted.^[@cit15]^ Interestingly, analogous correlation can be observed here, see [Fig. 2](#fig2){ref-type="fig"} (Fig. S1, ESI[†](#fn1){ref-type="fn"}) and [Fig. 7](#fig7){ref-type="fig"} (Fig. S8, ESI[†](#fn1){ref-type="fn"}) for the two sets of samples analyzed. It should be noted that *R* ~2~ should not be considered merely a series resistance if the correlation with the photocurrent is finally confirmed, as this kind of resistance does not affect the photocurrent. Further research will be necessary in order to validate this correlation and, more importantly, to determine the physical origin of this resistive process (or processes).

Investigation of the capacitive values, displayed in [Fig. 8](#fig8){ref-type="fig"}, Fig. S9 and S10 (ESI[†](#fn1){ref-type="fn"}), also provides an interesting insight. As expected, *C* ~bulk~ (Fig. S9a and c, ESI[†](#fn1){ref-type="fn"}) is a voltage independent parameter, confirming the interpretation of this capacitance as the geometrical capacitance of the layer.^[@cit15]^ The low frequency capacitances, *C* ~1~, present very high values that are heavily reliant on the applied bias conditions ([Fig. 8](#fig8){ref-type="fig"}).^[@cit36]^ This capacitance is considered to be determined by majority carrier accumulation at the perovskite--compact TiO~2~ layer interface.^[@cit37]^ Consequently, the contact materials, surface morphology and device configuration can affect these mechanisms. Indeed, a difference between the values corresponding to the PMS-based devices and those of reference cells P and S can be clearly observed, with the latter presenting a significantly lower *C* ~1~ than the former, see [Fig. 8a](#fig8){ref-type="fig"}. Accumulation capacitance is proportional to the amount of charge,^[@cit38]^ but charge accumulation must be compensated for by moving ions,^[@cit37]^ which is actually the reason why its effect is detected at lower frequencies instead of at higher ones, as should be expected for electronic phenomena. Our results indicate a hindering of the ionic motion caused by the use of porous SiO~2~ scaffolds as a possible cause of the observed behavior. The systematic decrease of *C* ~1~ with the increase of the total amount of SiO~2~ observed for all samples regardless of the number of TiO~2~ layers ([Fig. 8a and b](#fig8){ref-type="fig"}, respectively) also points in the same direction.

![Capacitance values obtained from the fitting of impedance spectra using the equivalent circuits plotted in [Fig. 5j and k](#fig5){ref-type="fig"}. (a) *C* ~1~ for the reference samples and PMS samples with different numbers of TiO~2~ layers. (b) *C* ~1~ for the reference samples and PMS samples with the same number of TiO~2~ layers, but different thicknesses of the SiO~2~ layers.](c6tc04639h-f8){#fig8}

Interestingly, *C* ~2~ has the opposite behavior comparing reference samples P and S (Fig. S9b, ESI[†](#fn1){ref-type="fn"}). This result allows identifying *C* ~2~ as a surface state capacitance, considering not only the perovskite--TiO~2~ but also the perovskite--SiO~2~ interface. Capacitance *C* ~2~ for PMS-based devices, built with the same number of TiO~2~ layers, takes values in between those obtained for both reference samples, although no clear trend is observed. Note that the discussion about results obtained and summarized in [Fig. 7 and 8](#fig7 fig8){ref-type="fig"}, is perfectly matched and validated by the results obtained for the second set of samples (Fig. S8 and S10, ESI[†](#fn1){ref-type="fn"}).

After the early report of non-transporting scaffolds prepared with alumina^[@cit5]^ and the preparation of efficient planar PSCs,^[@cit8]^ it seemed that the unique role of the mesoporous frame was to favor the growth of a uniform and pinhole-free perovskite layer. In spite of having demonstrated the viability of flat perovskite films as efficient photovoltaic materials, it seems that the presence of a thin TiO~2~ mesoporous scaffold still helps devices to reach higher efficiencies and low hysteresis. In fact, all of the certified record efficiency PSCs contain a thin mesoporous TiO~2~ scaffold followed by a thick perovskite capping layer on top.^[@cit11],[@cit39]--[@cit41]^ Our results indicate that the role of the scaffold goes beyond just providing a suitable matrix to grow perovskite crystals and influencing their geometry. The presence of the scaffold hinders and/or reduces the ionic migration, as can be deduced from the behavior of the *C* ~1~ capacitance. This fact has two important effects. On the one hand, the presence of the scaffold reduces charge accumulation at the TiO~2~/perovskite interface (as a lower *C* ~1~ is reported when a scaffold is present, see [Fig. 8](#fig8){ref-type="fig"}) and interfacial recombination, as its rate depends on carrier density, [Fig. 7c and f](#fig7){ref-type="fig"}. On the other hand, as ion migration has been signaled as the main source of hysteresis,^[@cit42]--[@cit45]^ the thickness of the scaffold should strongly influence this effect. Extrapolation of these results could help in understanding the observed effect of the scaffold on hysteresis reduction.^[@cit10],[@cit11]^ However, the use of a scaffold also introduces a deleterious effect, as has been detected by the increase of the *R* ~1~ and *R* ~2~ resistances. The tortuosity of the scaffold not only hinders the motion of ions, but also that of electrons and holes, resulting overall in a transport resistance increase. An optimum cell design requires an appropriate balance between the lower recombination and hysteresis provided by the scaffold, but keeping the transport losses low in order to avoid the decrease of the diffusion length. This compromise requires the use of thin scaffolds, like the ones presented in the devices exhibiting the highest efficiencies.^[@cit10],[@cit13],[@cit37],[@cit38]^

Conclusions
===========

We have employed compact TiO~2~ and mesoporous SiO~2~ layers combined in different configurations in order to systematically characterize the impedance of perovskite solar cells. In particular, our experimental method allows the fabrication of periodic multilayer scaffolds, which enables the presence of a tailored number of perovskite--TiO~2~ interfaces within the device. This architecture boosts the injection effects, as indicated by open circuit voltage decay measurements, opening a novel path for their study in detail. We observe an inductive loop in the impedance spectra that becomes more evident when the number of perovskite--TiO~2~ interfaces increases. This anomalous injection behavior is the result of a multistep injection process. Moreover, we have observed that far from the optimum situation in which every single feature in the impedance pattern is produced by a single physical process, perovskite solar cells present complex spectra in which a single feature is affected by different processes. As a matter of fact, we demonstrate that *R* ~3~, which has been previously related to the transport at the electron selective contact, is also influenced by transport taking place in the perovskite infiltrated within the mesoporous scaffold. Another interesting trend has been extracted from the analysis of impedance characterization herein reported: the reduction of the low frequency capacitance when a mesoporous SiO~2~ scaffold is introduced in the system points to a hindering of ionic migration and, consequently, majority charge accumulation at perovskite--TiO~2~ interfaces.^[@cit37]^ This observation could have important implications in the search for configurations in which recombination and hysteresis are reduced, although it should also be noted that the scaffold also has a deleterious effect due to an increase in transport losses. An appropriate balance of both effects is therefore required. In this context, the continuous thinning of the mesoporous scaffold reported for perovskite based devices with the highest certified efficiencies can be appropriately understood.^[@cit11],[@cit39],[@cit40]^ Our work constitutes a step towards the completion of the puzzle that impedance modeling and charge carrier transport in perovskite solar cells represent nowadays. We foresee that our conclusions on the anomalous injection detected in perovskite devices and the scaffold effect will have important implications for understanding their working principles and consequently for their further optimization.
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